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INTRODUCTION
The Cainozoic volcanics of Ethiopia and Yemen w e r e erupted during development of the Arabo-Ethiopian s w e l l and its t r a v e r s i n g rift valleys.
They f o r m what is p e r h a p s the w o r l d ' s l a r g e s t alkaline volcanic province, though calc-alkaline l a v a s (e. g . , tholeiitic basalts) a r e not unknown. The province is notably situated on a t r i p l e junction of the world r i d g e -r i f t s y stem, where the Gulf of Aden, Red Sea, and A f r i c a n rift s t r u c t u r e s converge at Afar ( F i g u r e 1).
Oceanographic data strongly imply a Cainozoic d r i f t of A r a b i a northeastward f r o m A f r i c a [Laughton, 1966; Tramontini and Davies, 19691 , with the f l o o r s of the Gulf of Aden and Red Sea being composed of young oceanic c r u s t generated by typical tholeiitic m a g m a t i s m [Schilling, 196 91 , contrasting with the thick s i a l i c c r u s t of the continental plates [Niazi, 19681. However, the o c c u r r e n c e of Afar and its bordering s i a l i c h o r s t s within the triple junction is a n unexplained paradox in the s i m p l e theory of plate s e p a r a t i o n of A r a b i a f r o m Africa.
S o m e w o r k e r s have considered Afar to be m e r e l y subsided s i a l i c c r u s t once contiguous with the bordering Ethiopian and Somalian plateaus [e. g. , Gortani, 19501 . M o r e recently, the concept that the Afar d e p r e s s i o n r e p r e s e n t s exposed oceanic c r u s t has become widely accepted because it fits with the oceanographic d a t a [Bullard, 19691 . Other w o r k e r s point t o the problem of the existence of the Danakil and Aisha h o r s t s within the triple junction, and the implications f r o m s t r u c t u r a l geology that fragmented blocks of s i a l i c c r u s t f o r m a n appreciable proportion of the Afar floor under the cover of young l a v a s and sediments [Mohr, 1967; Crass and Gibson, 19691. A s a contribution toward resolving this controversial problem, an attempt is m a d e h e r e to examine and c o n t r a s t the volcanic c h e m i s t r y of the plateau and r i f t subprovinces of the Ethiopian region.
tinctions c a n then be discussed i n t e r m s of p r e s u m e d differences in c r u s t a l and s u b c r u s t a l nature of the two subprovinces, though a m a j o r handicap r e m a i n s o u r lack of understanding of the petrogenesis of s i l i c i c m a g m a i n a rift environment [Sigurdsson, 1967; McBirney, 19691 . Molly 
AGE AND DISTRIBUTION OF THE ETHIOPIAN VOLCANICS
T h e s e topics have been discussed in some detail elsewhere [Mohr, 1963, 19681. ( F i g u r e 2):
The sequence of m a j o r vulcanism c a n be s u m m a r i z e d as follows 4. Aden S e r i e s ( c) 1. T r a p S e r i e s F i s s u r e flood basalts forming a v e r y extensive cover on the Arabo-Ethiopian swell.
bas alts predominate.
unconformities a r e too localized to be used f o r subdividing this thick s e r i e s on a regional basis.
Silicic lavas v e r y r a r e .
under the m a r g i n s of the p r e s e n t rift floor, but its extent under Afar is debatable (Eocene-Oligocene).
Alkali olivine
Some intr af ormational
The T r a p S e r i e s plunges
The rift grabens w e r e not i n existence until the Plio-Pleistocene.
Before then the rifts w e r e s i t e s of troughs f o r m e d by c r u s t a l downwarping [ B a k e r and Mohr, 19701. its tectonic development commenced e a r l i e r , in the Mesozoic, with m a j o r boundary faulting accompanying the Miocene phase of swell uplift., The Tana rift, containing L a k e Tana, is wholly within the Ethiopian plateau ( F i g u r e 1):
its volcanics a r e included with plateau volcanics i n this study, though some specific f e a t u r e s a r e discussed.
local variations o n the general s u c c e s s i o n given above influence i n t e r p r e t a t i o n of plateau-rift volcanic c h e m i s t r y .
m o r e important variations a r e brought out in the discussion, but their full significance cannot be realized until m a n y m o r e d a t a a r e available.
Afar is distinct f r o m the t r u e rift valleys in that It m u s t be emphasized that t h e r e are m a n y and thak these c a n S o m e of the CHEMISTRY Nature of the Ethio-Yemen volcanics. The alkaline nature of the EthioYemen volcanics has long been recognized [Manasse, 1909; Raisin, 1903; Weber, 1906; Roman, 19261 , and comparisons effected with the volcanics of the East African rift s y s t e m f a r t h e r south [ P r i o r , 1903; Shukri and Basta, 19551. a w a r e n e s s of the role of oceanic r i f t s in c r u s t a l -p l a t e tectonics naturally lead to a reexamination of all available data on the Ethio-Yemen volcanics in relation to their tectonic setting: f o r example, a n examination of the basalts of the axial zone of the rifts f o r tholeiitic tendencies.
McBirney and G a s s [1967] have demonstrated a p a t t e r n of chemical v a r i a t i o n of oceanic-island s i l i c i c l a v a s according to their position of extrusion on the mid-oceanic ridges.
analogous to oceanic r i d g e s [Baker and Mohr, 19701 , and their silicic l a v a s thus reexamined f r o m this aspect.
The r e c e n t s u c c e s s of the hypothesis of sea-floor spreading and a n Again,
The Ethiopian and Kenyan swells could be considered
The chemical data f o r this paper a r e based on t h e new collection of all published Ethiopian and Yemeni rock analyses and petrographic descriptions [Mohr, 197021 . Table 1 the East A f r i c a n volcanic province [Wright, 19651 data presented in T a b l e s 2 and 3 a r e all rock a n a l y s e s with MnO Y 1. 57'0, MgO > 107'0, CaO > 14y0 (i. e . , accumulates and a l s o some suspect analyses).
Then all a n a l y s e s with S i 0 < 517'0 have been included under "basalts, I ' r o c k s with 547' 0 < Si02 < 657'0 under " i n t e r m e d i a t e s , " and r o c k s with S i 0 under "silicics.
ing r o c k s on a purely chemical basis, without consideration of field o c c u r r e n c e and associations. Unfortunately, s u c h is the p r e s e n t state of Ethiopian and Yemeni volcanology of analyzed specimens r e m a i n v e r y poorly known [as a n example, s e e Comucci, 19501 . The bounding p a r a m e t e r s given above a r e based on F i g u r e 3 and on generally accepted r a n g e s in composition of common rock type s . f o r well-sampled regions would involve f u r t h e r a r b i t r a r y decisions on where t o d r a w the boundaries of the p a r t i c u l a r region and how to weight the a v e r a g e where t h e r e is a fractionation s e r i e s .
reviewed, i t is considered b e s t to t r e a t a l l r a w d a t a on a n equal basis and with a method that will apply well when the l a r g e number of new analyses r e p r e s e n t i n g the whole region is available i n the n e a r future.
Some regions have received a relatively inten-
To t r y t o r e m e d y this by u s e of single a v e r a g e s Though this problem is still being Finally, Tables 2 and 3 show that the s t a n d a r d deviations about individual oxide values a r e l a r g e enough that t h e r e a r e few statistically significant differences between plateau and rift volcanics i n any c l a s s .
s t a t i s t i c a l significance is considered t o be u n r e a l f o r the following reasons.
First, the range of S i 0 2 values within any c l a s s m e a n s that the other oxides c a n be expected t o v a r y at l e a s t over t h e i r corresponding fractionation f a c t o r s i n c r e a s e the standard deviations and thus preclude the u s e of discriminants f o r classifying individual analyses, it is considered that they
should not d e t r a c t f r o m s o m e consistent differences that a r e p r e s e n t between all c l a s s e s of plateau and rift volcanics, both i n Ethiopia and in Yemen. This consistency was noted, on the b a s i s of fewer data, by Mohr [l963] .
But t h i s involves assumptions 2
Nevertheless, while these
The placement of individual a n a l y s e s in e i t h e r the plateau o r the rift category h a s been based on the b e s t available s t r u c t u r a l m a p s . m a i n Ethiopian rift, the m a j o r g r a b e n faulting provides a c l e a r boundary between young plateau and r i f t volcanism, though f o r p r e -graben volcanics the distinction is m o r e obscure. F o r Afar, the inner s t r u c t u r a l m a r g i n of
Mohr [ 19671 h a s been chosen as the boundary, and thus lavas within the downwarped region between the inner and the outer s t r u c t u r a l m a r g i n s a r e included with the plateau. included with rift volcanics, excepting the s o u t h e r n portion of the s i a l i c Aisha h o r s t , where it is contiguous with the Somalian plateau. m e n t of the Afar h o r s t s c a n be r e c o n s i d e r e d when m o r e analyses a r e available, though existing data r e v e a l a c h a r a c t e r that is intermediate between rift and plateau and that even i n some instances t e n d s to plateau-type c h e m i s t r y . Volcanics of the Tana rift, within the Ethiopian plateau, a r e considered to belong to the plateau if only because of the small s i z e and s i a l i c foundation of this i n t e r e s t i n g rift [Mohr and Rogers, 1966; Mohr, 1970k11 . The boundaries between plateau and rift in Yemen have proved F o r the L a v a s of the Danakil and Aisha h o r s t s a r e c u r r e n t l y T h i s t r e a t -m o r e difficult to delineate, and the volcanics of the Aden coast have been considered as rift volcanics despite the overlap of at l e a s t one center onto T r a p S e r i e s l a v a s [ G a s s and Mallick, 19681.
DISCUSSION
The data suggest that, both in Ethiopia and i n Yemen, the rift volcanics compare with the plateau volcanics as follows:
1. The rift b a s a l t s m a y have higher Si, F e , Ca, and Na/K and lower Al, K, and M g / F e .
2. The rift i n t e r m e d i a t e s m a y have higher F e , Mg, Ca, Na/K, M g / F e , 3 2
Ti, and P and lower Al, Na, K, and F e / F e .
3 2 3. The rift s i l i c i c s m a y have higher Na and Na/K and lower F e / F e .
Some of these distinctions a r e c o m o n to m o r e than one c l a s s : f o r example, Na/K is higher in the rift volcanics of all t h r e e c l a s s e s , though f o r r e a s o n s discussed below it is unlikely t h a t t h e r e is only one cause.
B a s a l t s . The rift b a s a l t s show a distinctly tholeiitic tendency compared with the plateau basalts.
basalts a r e q u a r t z normative and the plateau b a s a l t s nepheline normative.
While t h e r e a r e localized o c c u r r e n c e s of t r u e tholeiites on both the Ethiopian and the Somalian plateaus, it is in n o r t h e r n Afar that olivine-rich basalts with tholeiitic tendencies a r e p a r t i c u l a r l y abundant [Tazieff and Varet, 1969 m a r k e d t h a n that in Ethiopia, in conformity with the p a t t e r n of i n c r e a s i n g alkalinity southward along the African rift s y s t e m [ H a r r i s , 1967; Mohr, 1963, 19681 .
and thus to a s t e e p e r t h e r m a l gradient under the Red S e a ( c h a r a c t e r i z e d by oceanic-type tholeiites [SchillinG 196 91) than under e a s t e r n Africa. It will be interesting to t e s t this plausible hypothesis, which r e l a t e s the degree of swell uplift and c r u s t a l distension t o heat flow, with s e i s m i c r e f r a c t i o n studies now i n p r o g r e s s .
T h e alkaline c h a r a c t e r of the Yemeni plateau basalts is l e s s H a r r i s r e l a t e s this p a t t e r n to i n c r e a s i n g depth of melting southward
The T e r t i a r y , is of tholeiitic c h a r a c t e r . I ' However, this does not p r e s e n t a valid picture of the tectonic evolution of the Ethiopian region.
has been operating during periods of varying intensity all through the Cainozoic, and likewise, distensional c r u s t a l m o v e m e n t s a r e probably longstanding despite the l a t e replacement of rift troughs by g r a b e n [Mohr -'
19671.
F u r t h e r m o r e , the Q u a t e r n a r y b a s a l t s of the plateaus r e m a i n strongly alkaline. It might be considered m o r e a c c u r a t e t o state that tholeiitic Swell uplift basalts a r e associated with lines of c r u s t a l thinning, r e g a r d l e s s of age, but this i n t u r n fails to explain the o c c u r r e n c e of Miocene tholeiites on the Ethiopian and Somalian plateaus.
plateau tholeiites and alkali basalts is intimate a n d complex and that 'oceanic'
and 'continental' tholeiites a r e distinct entities [Schilling, 19691 .
It t h e r e f o r e s e e m s that a n association of S e v e r a l earlier w o r k e r s [e. g . , Hieke-Merlin, 1950 , 1953 Comucci, 19501 
2'
The Y ernen
The rift i n t e r m e d i a t e s have a calc-alkaline tendency that is quite distinct f r o m the peralkaline n a t u r e of the plateau intermediates.
m e d i a t e s magnify a f e a t u r e of the plateau basalts in showing strong potash enrichment relative to soda. In t h i s r e g a r d , s o m e field relationships a r e noteworthy.
with m o r e voluminous units of alkaline rhyolite, the plateau i n t e r m e d i a t e s f o r m plugs, stocks, and thick flows that often lack associated s i l i c i c s or basalts. The rift i n t e r m e d i a t e s c a n t h e r e f o r e be considered to l i e on a general line of c r y s t a l fractionation ( o r extensive p a r t i a l melting at depth), whereas the plateau intermediates a r e considered to be derived f r o m a n a p p e a r peculiarly r a r e in Ethiopia and Yemen.
the Ethiopian phonolites a r e intimately related to contemporaneous basalts (basanites?), w h e r e a s the t r a c h y t e s a r e associated with andesites.
Molly's conclusions a r e accepted, however, the overwhelming proportion of Ethiopian basalts show no associated phonolites. D e g r e e s of over s a t u r a t i o n and femicity are a l m o s t identical.
All that can be stated N e v e r t h e l e s s , F i g u r e 4 shows that Niggli plots r e v e a l s e p a r a t e tendenc i e s between plateau and rift volcanics. except when the SI values r e a c h above 500. places the rift s i l i c i c s in a lower-value field, with a c l e a r inverse relationship between these two p a r a m e t e r s .
Ethiopian plateau fall well inside the rift field [Mohr, 197Ob] c r u s t , the Ethiopian swell is considered to be a continental tectonic phenomenon r a t h e r than one analogous to a mid-oceanic ridge, then the enormous extent of s i l i c i c ignimbrites confirms M c B i r n e y ' s observation, though the Ethiopian ignimbrites a r e pantelleritic [Mohr, 19681 .
If, on the b a s i s of its
McBirney f u r t h e r notes that "the e x t r e m e composition and g r e a t volume of rhyolitic ignimbrites places a s e v e r e constraint [on their possible genesis] " and concludes that l a r g e -s c a l e c r u s t a l fusion is a m o r e plausible explanation than is c r y s t a l fractionation. B a r b e r i e t al. [ 19701 postulate a s s i m i l a t i o n of sialic c r u s t to explain the l a r g e quantities of 'variegated' s i l i c i c volcanics i n n o r t h e r n and c e n t r a l A f a r , excluding the Erta-ali and Ala-ita silicics, whose low Sr /Sr values suggest a n uncontaminated mantle origin. This presumption of s i a l i c c r u s t under Afar, supported by geological and other evidence [Jones, 1968; Mohr, 1962, 19671 Both m e c h a n i s m s a r e feasible, but both s e e m equally
Taking the
Assuming favorable conditions 3
The question t h e r e f o r e t u r n s on whether s i a l i c c r u s t is indeed p r e s e n t Either the rift i n Ethiopia -is underlain by s i a l i c c r u s t o r e l s e O r possibly the upper mantle is heterogeneous i n a m a n n e r related One possible e s c a p e f r o m the s i l i c i c dilemma follows f r o m the suggest i o n of Sigurdsson ([1967] p. 42) that s i l i c i c magrna, generated f r o m the upper mantle, a c c r e t e s and solidifies at the base of the c r u s t , thereby producing a t h i n s i a l i c l a y e r with mantle isotope-ratio c h a r a c t e r i s t i c s .
with s e v e r a l t h e o r i e s of continental evolution during E a r t h h i s t o r y ( s e e
Hurley [l968] ).
of this s i a l i c m a t e r i a l (whose p r e s e n c e m a y contribute t o the Bouguer anomaly p a t t e r n over the Ethiopian swell - Gouin [1970] ), and thus generate voluminous silicic m a g m a .
syenite and granite xenoliths in m a n y Ethiopian s i l i c i c volcanic r o c k s [Mohr, 19631. This is i n line volcanics: in the b a s a l t s and intermediates, this is l a r g e l y due to potash enrichment f o r the plateau ( m o r e probable t h a n a potash depletion in a rift environment), but in the s i l i c i c s it is due to soda enrichment [Mohr, 197Obl. I n all t h r e e c l a s s e s , Na/K is higher i n the rift On the b a s i s of c r y s t a l fractionation p r o c e s s e s , it is conceivable that the plateau intermediates could be linked with the r a r e melanephelinites of the plateau, though field associations are even rarer. It is e a s i e r to conceive a continuous line of descent f o r the rift volcanics.
Rift basalts, trachybasalts, and m u g e a r i t e s a r e found i n intimate field a s s o cciations, a s a r e trachyrhyolites a n d rhyolites, but t h e r e is still strong evidence f o r a hiatus i n the intermediate range [Tazieff e t al., 1970 ; B a r b e r i -e t al., 19701 .
The s c h e m e of H a r r i s El9671 applies well to explaining the c h e m i s t r y of the Ethio-Yemen basalts: a s t e e p e r t h e r m a l gradient under the rift c a n allow Thus m a g m a t i c p r o c e s s e s c a n evolve f u r t h e r under continental compared with o c e ani c rifts , with r e s ult i ng f r a ct i onat i o n, as s im ila t ion, and c r u s t a l-f u s ion p r o c e s s e s showing i n the c h e m i s t r y of the continental volcanics [Schilling, 19701.
The question of whether the Ethio-Yemen volcanics have undergone a t e m p o r a l chemical evolution can be reexamined.
a r e largely younger than the plateau volcanics, it is now s e e n that the t e mporal t r e n d s identified by Mohr [l963] a r e affected by those of provenance a s discussed i n this paper. F o r example, the higher femicity and F e / M g of rift basalts, intermediates, and s i l i c i c s noted h e r e confirm what was previously interpreted as a regional t e m p o r a l evolution.
of the Lake Tana and Yemen highlands regions r e s e m b l e the e a r l y T e r t i a r y plateau basalts r a t h e r than the Q u a t e r n a r y rift basalts in composition. This work was supported in p a r t by yrant
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